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Dielectric Relaxation of Pure Water Ice and Partially Crystallized
Polymer-Water Mixtures

Shoma Higuchi'’, Kaito Sasaki™’, Rio Kita™, Shin Yagihara®*, and Naoki Shinyashiki*’

We have investigated ice formed from pure water and partially crystallized polymer—water mixtures of gelatin,
poly(vinylpyrrolidone) (PVP), bovine serum albumin (BSA), and poly(N-isopropylacrylamide) (PNIPAM) using
dielectric spectroscopy. The dielectric relaxation time of ice formed from pure water has been found to vary depending
on the preparation method of ice. In partially crystallized polymer—water mixtures, the dielectric relaxation time of ice
significantly changes depending on the type and concentration of polymers. In this article, we review and discuss the
characteristics of dielectric relaxation in pure ice and partially crystallized polymer—water mixtures, focusing on the
factors that govern these behaviors.
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Figure 1: Frequency dependences of the complex permittivity for
Debye relaxation. The line colors indicate the real part (red) and
imaginary part (blue).
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Figure 2: Temperature (7) dependences of the relaxation time (7) for
Sasaki ice-Ih, (red circles), Ih, (blue circles), and Ih, (green circles),
Auty ice (black crosses), and Johari ice (black stars) are plotted
together. The data were taken from Sasaki et al. (2016a), Auty and
Cole (1952), and Johari and Whalley (1981).

12 & o TEAL L 7 oK O FRFIIRE [ O T BEEAKAE 1 % Auty Y
LIRS, —75, Johari b 23BN L 720K OfEFNE 3 D DB
WS X o TR QIR AR EAT R 2 2 558 & R L7z
Johari & 231 L 720K 0 AR 132240 K(T.)BL ko il
W ClXAuty 5 OFER E L < —3HF 528, 240 K>T>170 KT
5 R ] D R BEARAE A 23/ & < E, 7058920 kI/mol T 5.
EHICBLZFIT0K (T,) DT ORI CIHIREOKT &
& D ISR OIRERAAAED R A ITKREL 2D KH
T Z D &9 LK DFEH O FEFNRER O EEAKAE L % Johari
T & I3,

Sasakib 1E, B4 R BHETKEREL, KOO
2RV DE K % 72 (Sasaki et al. 2016a). #F & LTH
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Figure 3: Real (¢’) and imaginary (¢”) components of the dielectric
spectra of the 40 wt.% gelatin-water mixture suspension at intervals
of 10 K between 123 K and 273 K. The data were taken from Sasaki
etal. (2014).
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XN 545 % (Fujii et al. 2020; Hussan et al. 2025;
Sasaki et al. 2014; Sasaki et al. 2016b; Shinyashiki et al. 1994;
Takatsuka et al. 2024).
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Figure 4: Temperature (7) dependence of the relaxation time (z) for
the 40 wt.% gelatin—water mixture. The relaxation processes of a (red
circles), v (blue circles), and ice (green circles) are shown. Reprinted
from Figure 4 of Sasaki et al. (2014) with the permission of AIP
Publishing.
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et al. 2007b).
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#9. 7 — % (% Shinyashiki et al. (2009), Sasaki et al. (2014),
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Figure 5: Temperature (7) dependence of the relaxation time (7) of
a processes for 20 wt.% BSA (blue diamonds), 40 wt.% gelatin (red
squares), 40 wt.% PVP (green circles), and 10 wt.% PNIPAM microgel
(purple triangles). The filled symbols indicate that the relaxations with
steps in the real part or the peak in the imaginary part were observed.
The open symbols indicate the relaxations for which a step or a peak
was not observed, but these were necessary to reproduce the spectrum.
The data were taken from Shinyashiki et al. (2009), Sasaki et al. (2014),
Fujii et al. (2020), and Vijayakumar et al. (2023).

3.1 KHUIBEIC KD afEf
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KT % &13# 212 { v (Fujii et al. 2020; Vijayakumar et
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%5 L7z & # Z 7= (Fujii et al. 2020).
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Figure 6: Temperature (7) dependence of the relaxation time (z) for
PVP—water mixtures with various PVP concentration. The data of
10 wt.% (circles), 20 wt.% (squares), 30 wt.% (diamonds), 40 wt.%
(triangles), and 50 wt.% (inverted triangles) PVP—water mixtures.
The symbol colors indicate the processes of a (red) and v (blue). The
crystallized temperatures for the 10, 20, 30, 40, and 50 wt.% PVP—
water mixtures are 263, 258, 263, 253, and 253 K, respectively, as
shown in the light blue band. The filled symbols indicate that the
relaxations with steps in the real part or the peak in the imaginary
part were observed. The open symbols indicate the processes that
were not definitively observed but were necessary for reproducing the
experimentally observed dielectric permittivity. The data were taken
from Fujii et al. (2020). The t-values for non-crystallized PVP—water
mixtures obtained from Sasaki et al. (2016b) with PVP concentrations
of 60 (a: cross in circles, v: double circles), 65 (a: cross in squares, v:
double squares), and 70 (a: cross in diamonds, v: double diamonds)
wt.% are also plotted. The black curves were determined by the
VF equation for the a process in 60, 65, and 70 wt.% PVP—water
mixtures.
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Figure 7: Temperature (7)) dependences of the dielectric relaxation
strength (4e) of v process for the polymer-water mixtures with 20
(orange squares) and 40 wt.% (red squares) PVP, 10 (aqua triangles)
and 30 wt.% (blue triangles) PEI, 10 (bright green diamonds) and 30
wt.% (dark green diamonds) PVME, and 10 (yellow circles), 20 (gold
circles), and 30 wt.% (yellow green circles) PVA. The vertical lines
were drawn at crystallized temperatures. The other lines were drawn
by the least-squares method for the plots above and those below
crystallized temperatures, separately. The inset shows the plots of Ae
against polymer concentration [C, (Wt.%)] at 0 “C. The double circle
represents pure water at 0.2 °C taken from (Buchner et al. 1999). The
straight line was drawn by the least-squares method. Adapted with
permission from Figure 4 of Shinyashiki et al. (2007b). Copyright
(2007) American Chemical Society.
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Figure 8: Temperature (7) dependences of the relaxation time () and
relaxation strength (de) of the ice process in partially crystalized 10
wt.% PNIPAM (green), PVP (blue), BSA (red) and gelatin (orange)
water mixtures. The black symbols represent Johari ice (pluses),
Sasaki ice (Ih) (stars), and Auty ice (crosses).The filled symbols
indicate that the relaxations with steps in the real part and a peak in
the imaginary part were observed. The open symbols indicate the
relaxations for which the step or the peak was not observed, but these
were necessary to reproduce the spectrum. Reprinted from Figure 5 of
Vijayakumar et al. (2023) licensed under CC BY-NC 3.0.
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Figure 8(Zgelatin, PVP, BSA, PNIPAM~ A 7 T 7 )L D
10 W% 0 F-KABTBM S N Kko 7 L=y 270 vy
b 2779 (Vijayakumar et al. 2023). @i L7210 wt.%2L |
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